The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/Objective-Elevated serum free fatty acid levels are associated with an increased risk of cardiovascular disease and type 2 diabetes mellitus. Macrophages are recruited to atherosclerotic plaques and metabolic tissues during obesity and accumulate lipids, including free fatty acids. We investigated the molecular consequences of intracellular saturated free fatty acid accumulation in macrophages. Methods and Results-Previously, we demonstrated that cotreatment of mouse peritoneal macrophages (MPMs) with stearic acid and triacsin C (an inhibitor of long-chain acyl coenzyme A synthetases) results in intracellular free fatty acid accumulation and apoptosis. Here, we used Western blotting analysis, real-time reverse transcription polymerase chain reaction, and terminal deoxynucleotidyl transferase dUTP nick-end labeling staining to assess endoplasmic reticulum (ER) stress, inflammation, and apoptosis in MPMs. Intracellular stearic acid accumulation induces Toll-like receptor 4/2-independent inflammation that results in ER stress-mediated apoptosis of MPMs. Polarization of MPMs to a proinflammatory M1 phenotype increases their susceptibility to inflammation and ER stress, but not apoptosis, in response to cotreatment with stearic acid and triacsin C. Conclusion-Intracellular accumulation of stearic acid in MPMs activates inflammatory signaling, leading to ER stressmediated apoptosis. M1 macrophages are more prone to stearic acid-induced inflammation and ER stress. These same pathways may be activated in macrophages residing in atherosclerotic plaques and metabolic tissues during conditions of obesity and hyperlipidemia. (Arterioscler Thromb Vasc Biol 2012;32:1687-1695.)
E levated serum free fatty acid (FFA) levels are independently associated with an increased risk of both cardiovascular disease and type 2 diabetes mellitus. 1, 2 Importantly, this systemic FFA toxicity may be mediated, in part, by activation of inflammatory pathways in macrophages residing in atherosclerotic plaques 3, 4 or metabolic tissues, including adipose tissue [5] [6] [7] [8] and liver. 9 The majority of the studies regarding macrophage lipotoxicity have sought to identify extracellular receptors that are responsible for mediating the inflammatory effects of saturated FFAs. Several groups have suggested that saturated FFAs may act through Toll-like receptor 4 (TLR4) to generate macrophage inflammation and lipotoxicity; 10 however, others dispute this claim. 11 An additional study has demonstrated that saturated FFAs activate a TLR2-dependent apoptotic pathway in macrophages undergoing endoplasmic reticulum (ER) stress. 12 Recent studies suggest that intracellular accumulation of FFAs within macrophages may play a pathogenic role in the progression of atherosclerosis. Multiple FFA species are present in macrophage-rich regions of human atherosclerotic lesions, and increased FFA concentrations are observed in inflammatory plaques from diabetic individuals. 13 In addition, treatment of human macrophages with dyslipidemic serum increases intracellular FFA concentrations. 14, 15 Therefore, determining the consequences of intracellular FFA accumulation within macrophages is of critical importance. Our laboratory has previously shown that accumulation of the saturated FFA, stearic acid, in macrophages results in apoptotic cell death; 16 however, the mechanism of lipotoxicity remains unknown.
The ER is not simply a site of protein synthesis and maturation, but also functions as a nutrient sensor to regulate the energy needs of the cell. Therefore, changes in nutrient availability or inflammatory status can cause ER stress and activation of the unfolded protein response. In fact, increased levels of free cholesterol in macrophages (induced by inhibition of acyl coenzyme A cholesterol acyl transferase activity) 17 or exposure of pancreatic β-cells, 18 hepatocytes, 19 or adipocytes 20 to saturated FFAs result in unfolded protein response activation. The unfolded protein response is controlled by 3 ER-localized receptors: inositol-requiring enzyme 1α (IRE1α), double-stranded RNA-dependent protein kinase-like ER kinase (PERK), and activating transcription factor 6. ER stress initiates a signaling cascade that decreases the protein load entering the ER, and increases the folding capacity of the organelle by upregulating genes including binding immunoglobulin protein (BiP). 21 ER stress can also activate inflammatory signaling through c-Jun N-terminal kinase (JNK) 22 and nuclear factor-κB (NF-κB), 23 and initiate apoptosis. 24 Interestingly, ER stress is increased in atherosclerotic plaques, whole adipose tissue, and liver of obese, dyslipidemic mice and humans. [25] [26] [27] Decreasing ER stress through treatment with the chemical chaperone, 4-phenylbutyric acid (PBA), reduces systemic inflammation and insulin resistance in response to a high-fat diet, 28 and decreases macrophage apoptosis in atherosclerotic plaques during conditions of hyperlipidemia. 29 The above data suggest that the systemic elevation of FFAs observed in obese individuals may result in ER stress activation, inflammation, and apoptosis in macrophages residing in metabolic tissues. In addition, recent data indicate that macrophages in atherosclerotic plaques accumulate FFAs; [13] [14] [15] however, the molecular consequences of FFA accumulation in these immune cells remain ill-defined. We have previously demonstrated that triacsin C (TC)-mediated inhibition of long-chain acyl coenzyme A synthetases (ACSL) during stearic acid treatment of mouse peritoneal macrophages (MPMs) increases intracellular stearic acid concentrations, and results in apoptotic cell death. 16 Using this model, we now show that stearic acid accumulation in macrophages results in TLR4/2-independent induction of inflammation, leading to ER stress-mediated apoptosis. Polarization of macrophages to a proinflammatory M1 phenotype increases the susceptibility of these cells to inflammation and ER stress, but not apoptosis. These findings advance our understanding of the molecular changes that occur in macrophages during FFA accumulation, and demonstrate that intracellular FFAs induce macrophage ER stress, inflammation, and apoptosis. Activation of these signaling pathways, specifically in macrophages, may play a key role in the progression of atherosclerosis and insulin resistance.
Materials and Methods
Thioglycollate-elicited MPMs were collected from wild-type (WT), TLR4 knockout (TLR4-KO), or TLR2-KO mice on a C57BL/6 background, and treated with 90-µmol/L stearic acid and 2.5-µmol/L TC to induce intracellular stearic acid accumulation. 16 To determine the role of stearic acid-induced ER stress and inflammation, PBA (6 mmol/L) and sodium salicylate (SS, 1 and 5 mmol/L) cotreatments were performed. Lipopolysaccharide (LPS, 10 ng/mL) and interleukin-13 (IL-13, 4 ng/mL) were used to investigate the effect of macrophage polarization on susceptibility to ER stress, inflammation, and apoptosis during stearic acid accumulation. Supplemental material for further description of methods is available in the online-only Data Supplement.
Results

Intracellular Accumulation of Stearic Acid Induces ER Stress in MPMs
To determine whether intracellular stearic acid accumulation within macrophages induces ER stress, MPMs were cotreated with 90-µmol/L stearic acid (identified as 18:0 in figures) and 2.5-µmol/L TC for 2 to 24 hours. In addition, cells were treated with either TC or stearic acid alone for 24 hours. Tunicamycin (1 µmol/L for 24 hours) was used as a positive control for ER stress induction. Cotreatment with stearic acid and TC significantly increased the phosphorylation of PERK after 8 (P<0.001) and 16 hours (P<0.001) compared with vehicle-treated control cells ( Figure 1A ). Treatment with stearic acid or TC alone did not increase PERK phosphorylation, indicating that ER stress activation is due to intracellular stearic acid accumulation as opposed to fatty acid exposure without accumulation ( Figure 1A ). During the time course of stearic acid accumulation, BiP and IRE1α protein levels were increased at 16 (P<0.001) and 24 hours (P<0.01) of cotreatment ( Figure 1B and 1C ). Polymerase chain reaction amplification of the IRE1α target gene, XBP1, revealed an increase in the spliced form of XBP1 after 8 (P<0.01), 16 (P<0.001), and 24 hours (P<0.01, Figure 1D ).
Intracellular Accumulation of Stearic Acid Increases Inflammation in MPMs
ER stress signaling can result in the activation of proinflammatory kinases, including JNK and NF-κB. 22 A significant increase in the phosphorylation of JNK1/2 was observed after 8 (P<0.05) and 16 hours (P<0.05) of stearic acid and TC cotreatment ( Figure 1E ). Additionally, intracellular stearic acid accumulation increased the expression of NF-κB target genes, tumor necrosis factor-α (Tnf), IL-6 (Il6), and IL-1β (Il1b; P<0.05; Figure IA -IC in the online-only Data Supplement). These data indicate that intracellular accumulation of stearic acid induces both JNKand NF-κB-mediated inflammatory pathways. In addition, gene expression of the chemokine, monocyte chemotactic protein-1 (chemokine [C-C motif] ligand 2 [Ccl2]), was also increased by stearic acid and TC cotreatment (P<0.05, Figure 1D ). Macrophage inflammatory protein-1α (Ccl3) expression was not modulated ( Figure IE in the online-only Data Supplement).
Intracellular Accumulation of Stearic Acid Induces Apoptosis in MPMs
Cleavage of caspase-3, a key executioner caspase, was significantly increased after 8 (P<0.05) and 24 hours (P<0.001) of treatment, with maximal cleavage observed at 16 hours (P<0.001, Figure 1F ). Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining was performed on macrophages at the peak of apoptosis (16 hours). Approximately 17.9±4.1% of cells cotreated with stearic acid and TC were TUNEL-positive whereas only 0.10±0.10% of control cells stained positive for TUNEL (P<0.01, Figure  1G ). Gene expression of C/EBP (enhancer binding protein) homologous protein (Chop), the primary mediator of apoptosis after ER stress, was increased after 16 hours (P<0.05) of cotreatment with stearic acid and TC ( Figure  1H ). Additionally, higher concentrations of stearic acid (250 and 500 µmol/L) in the absence of TC resulted in ER stress, inflammation, and apoptosis ( Figure II in the online-only Data Supplement), indicating that inhibition of ACSL activity accelerates, but is not required for, the lipotoxic effects of stearic acid.
Inhibition of ER Stress During Stearic Acid Loading of MPMs Decreases Apoptosis
To determine whether ER stress induced by intracellular stearic acid accumulation is upstream of inflammation and apoptosis, MPMs were treated with stearic acid and TC in the presence of the chemical chaperone, PBA. As expected, PBA cotreatment during stearic acid accumulation decreased phospho-PERK, BiP, and IRE1α protein levels by ≈50% (P<0.05 compared with stearic acid and TC; Figure 2A -2C). Activation of ER stress can result in inflammation and secretion of chemokines. 22, 23 However, phosphorylation of JNK1/2 was not decreased in the presence of PBA ( Figure 2D ). Gene expression of Il6 and Il1b was also not modulated by PBA cotreatment ( Figure IIIA and IIIB in the online-only Data Supplement). In contrast, PBA cotreatment significantly decreased gene expression of the chemokine, Ccl2 (P<0.05 compared with stearic acid and TC; Figure 2E ). In regard to apoptosis, PBA cotreatment decreased caspase-3 cleavage, TUNEL staining, and Chop gene expression (P<0.05 compared with stearic acid and TC; Figure 2F -2H). Interestingly, PBA treatment in the absence of stearic acid resulted in a significant increase in cleaved caspase-3 protein levels (data not shown, P<0.01).
This result suggests that basal ER stress signaling is necessary for these cells to cope with the stressors associated with cell culture.
Inhibition of Inflammation During Stearic Acid Loading of MPMs Decreases ER Stress and Apoptosis
SS was used to further assess the role of inflammation during stearic acid accumulation in MPMs. Cells were cotreated with stearic acid and TC in the presence of 1-or 5-mmol/L SS for 16 hours. JNK phosphorylation ( Figure 3A ) and gene expression of the NF-κB target genes, Il6 ( Figure 3B ) and Ccl2 (data not shown), were decreased by either 1-or 5-mmol/L SS (P<0.05 compared with stearic acid and TC). Inhibition of inflammation during stearic acid accumulation significantly decreased phospho-PERK, BiP, and IRE1α protein levels (P<0.05 compared with stearic acid and TC; Figure 3C -3E). Additionally, cotreatment with stearic acid, TC, and either 1-or 5-mmol/L SS decreased caspase-3 cleavage, TUNEL staining, and Chop gene expression (P<0.05 compared with stearic acid and TC; Figure 3F -3H). These data indicate that inflammation is responsible for the activation of ER stress and apoptosis during stearic acid accumulation. Similar to results obtained using PBA in the absence of stearic acid, treatment with SS alone also increased cleaved caspase-3 levels (data not shown, P<0.01). 
Intracellular Stearic Acid Accumulation in MPMs Increases Inflammation, ER Stress, and Apoptosis Independent of TLR4 and TLR2
To determine whether the inflammation, ER stress, and apoptosis generated by intracellular stearic acid accumulation in MPMs is dependent on TLR4 or TLR2 signaling, WT, TLR4-KO, and TLR2-KO macrophages were treated with stearic acid and TC for 16 hours (Figure 4 ). Intracellular accumulation of stearic acid increased the phosphorylation of JNK1/2 to the same extent in WT, TLR4-KO, and TLR2-KO macrophages (genotype effect=nonsignificant; Figure 4A and 4E). Deficiency of either TLR4 or TLR2 resulted in a significant decrease in Il6 gene expression during intracellular FFA accumulation (genotype effect=P<0.05, Figure  4B and 4F). However, gene expression of Il1b and Ccl2 was not decreased by TLR4 or TLR2 deficiency ( Figure 4C , 4D, 4G, and 4H). In fact, Il1b gene expression was higher in TLR2-KO macrophages cotreated with stearic acid and TC (genotype effect=P<0.05; Figure 4G ). Stearic acid accumulation increased phospho-PERK and BiP protein levels to a similar extent in WT, TLR4-KO, and TLR2-KO macrophages (genotype effect=nonsignificant; Figure 5A , 5B, 5E, and 5F). Stearic acid accumulation resulted in a significant increase in the cleaved form of caspase-3 in WT, TLR4-KO, and TLR2-KO macrophages (genotype effect=nonsignificant; Figure 5C and 5G). Additionally, gene expression of Chop was also increased on stearic acid accumulation, regardless of genotype (genotype effect=nonsignificant; Figure 4D and 4H). Together, these data indicate that TLR4 and TLR2 signaling are not necessary for the induction of macrophage inflammation, ER stress, or apoptosis in response to intracellular accumulation of stearic acid.
Polarization of MPMs to an M1 Phenotype Increases Susceptibility to Inflammation and ER Stress, But Not Apoptosis, in Response to Intracellular Stearic Acid Accumulation
To determine whether macrophage polarization modulates the susceptibility of these cells to stearic acid-induced inflammation, ER stress, and apoptosis, MPMs were polarized for 24 hours with vehicle (Mθ, unpolarized macrophages), LPS (M1 macrophages), or IL-13 (M2 macrophages). Polarization was confirmed by real-time reverse transcription polymerase chain reaction analysis of M1 and M2 gene expression ( Figure  IV in the online-only Data Supplement). After polarization, each group was cotreated with stearic acid (90 µmol/L) and TC (2.5 µmol/L) in the presence of either vehicle (Mθ), LPS (M1), or IL-13 (M2) for an additional 16 hours (40-hour total treatment). To control for the effects of LPS and IL-13, a subset of macrophages was incubated with the respective polarizing agent in the absence of stearic acid and TC for the duration of the experiment. These control cells exhibited low JNK1/2 phosphorylation that was not modulated by macrophage phenotype (Figure 6A ). Polarization in the absence of stearic acid and TC did not modulate the expression of ER stress or apoptotic markers (data not shown). However, when polarized macrophages were exposed to stearic acid and TC, M1 macrophages exhibited increased JNK phosphorylation when compared with either Mθ or M2 macrophages ( Figure  6A , P<0.001), suggesting that M1 polarized macrophages are more susceptible to stearic acid-induced inflammation.
Intracellular accumulation of stearic acid in M1 macrophages resulted in a 3-fold increase in PERK phosphorylation and a 45% increase in BiP protein levels (P<0.05 compared with M2; Figure 6B and 6C). There was a nonsignificant trend toward an increase in Chop gene expression in M1 macrophages ( Figure 6D) ; however, there was no difference in TUNEL staining ( Figure 6E ) or caspase-3 cleavage ( Figure  6F ) between groups. Collectively, these results suggest that polarization of macrophages to an M1 phenotype increases susceptibility to stearic acid-induced inflammation and ER stress, but not apoptosis.
Discussion
Our previous studies have demonstrated that cotreatment of MPMs with low-level stearic acid and TC blocks ACSL activity, thus inducing intracellular FFA accumulation and lipotoxicity. 16 Using this model, we now show that stearic acid accumulation in macrophages activates ER stress, inflammation, and apoptosis independent of TLR4/2 signaling. Although exposure of macrophages to high concentrations of stearic acid induced ER stress, inflammation, and apoptosis ( Figure II in the online-only Data Supplement), exposure to low-level stearic acid in the absence of TC had no effect on these parameters (Figure 1 ), suggesting that intracellular accumulation of stearic acid accelerates lipotoxicity. It is possible that the ability of a macrophage to metabolize or store stearic acid is overwhelmed by higher concentrations of stearic acid, thus leading to intracellular FFA accumulation and lipotoxicity. Together, the PBA and SS studies demonstrate that stearic acid accumulation in MPMs initiates inflammatory signaling that culminates in the activation of ER stress-mediated apoptosis. Polarization of macrophages to a proinflammatory M1 phenotype increases susceptibility to stearic acid-induced inflammation and ER stress, but not apoptosis (See Figure V in the online-only Data Supplement for diagram).
Research conducted in the past several decades has established a role for saturated FFAs in the development of cardiovascular disease and type 2 diabetes mellitus. 1, 2 Additionally, recent studies indicate that macrophages of atherosclerotic plaques accumulate FFAs; [13] [14] [15] however, the molecular consequences of intracellular FFAs remain relatively unknown. Increased partitioning of FFA to triglyceride (via diglyceride acyltransferase 1 overexpression) protects macrophages from FFA-induced inflammation, 30 suggesting that accumulation of FFAs, rather than triglyceride, in these immune cells may be responsible for inflammatory signaling. Our results support these findings, and indicate that intracellular FFAs may be especially pathogenic, because blocking the incorporation of stearic acid into triglyceride (through inhibition of ACSL activity) greatly increases the intracellular accumulation and lipotoxic potential of this FFA. Interestingly, studies have shown that polymorphisms in ACS genes, including ACSL-1 and medium-chain ACS-2, confer an increased risk for metabolic syndrome in human subjects. 31, 32 Although the direct functional consequences of polymorphisms in these ACS genes are not known, it is believed that disruption of ACS activity is responsible for the increased risk for metabolic syndrome. Several studies have shown that insulin sensitizing thiazolidinediones increase the transcription of ACSL-1 (the primary ACS isoform in macrophages) in the adipose tissue and liver. 33, 34 Together with our data, these studies demonstrate that FFA accumulation occurs in plaque macrophages, and may exacerbate inflammation during obesity/ hyperlipidemia.
Previous studies have shown that ER stress signaling can culminate in apoptotic cell death. 24 Our results demonstrate that reducing ER stress signaling (via PBA) also abrogates apoptosis, indicating that stearic acid accumulation in MPMs induces ER stress-mediated apoptosis. Surprisingly, treatment with 6-mmol/L PBA during stearic acid accumulation only decreased ER stress activation by 50%. This finding is in contrast to previously published studies showing that 3-mmol/L PBA is sufficient to eliminate ER stress caused by extracellular exposure to high levels of palmitic acid. 29 These results imply that intracellular and extracellular saturated FFAs may activate ER stress pathways by different mechanisms. Because correction of the protein folding defect only partially reduces unfolded protein response signaling, it is interesting to speculate that intracellular stearic acid accumulation may alter the composition of the ER membrane to activate ER stress signaling independently of an increase in unfolded proteins. In support of this hypothesis, a recent article has shown that alterations in the lipid composition of the ER membrane during obesity initiate ER stress signaling. 35 Activation of ER stress pathways has been shown to initiate inflammation through JNK and NF-κB. 22, 23 However, in the present study, reducing ER stress during FFA accumulation in macrophages had no effect on inflammatory cytokine expression ( Figure 2 ). Interestingly, PBA cotreatment was sufficient to decrease expression of the chemokine, Ccl2. These findings indicate that intracellular stearic acid activates inflammatory signaling independent of the ER stress response whereas Ccl2 expression is dependent on ER stress signaling. Inhibition of inflammation by cotreatment with SS demonstrated that the inflammation generated by stearic acid accumulation initiates ER stress-mediated apoptosis, suggesting that inflammation is the main driving force for the lipotoxic effects of intracellular FFA accumulation.
Our data point to the importance of FFA-induced inflammation in activating macrophage ER stress and apoptosis. Some have suggested that saturated FFAs directly activate TLR4 or TLR2. 10, 12 However, our data support recent reports indicating that FFAs may not act through these pattern recognition receptors. 11 We have shown that intracellular stearic acid accumulation potently activates inflammation, ER stress, and apoptosis in WT, TLR4-KO, and TLR2-KO macrophages. Additionally, low-level stearic acid in the absence of TC does not result in either FFA accumulation or inflammation. If cell surface TLR signaling were involved, extracellular exposure to stearic acid (as opposed to intracellular accumulation) should be a more potent activator of inflammation.
Interestingly, a recent study reported that saturated FFAs initiate inflammation by modifying the composition of the cell membrane rather than acting through extracellular receptors. 36 Holzer et al 36 show that saturated FFAs alter the localization and activity of c-Src, a membrane-anchored tyrosine kinase involved in the activation of inflammation. Exposure of fibroblasts to palmitic or stearic acid partitions c-Src into intracellular lipid rafts, where the active kinase phosphorylates JNK, leading to inflammation. 36 It is possible that c-Src also plays a role in saturated FFA-mediated inflammation in macrophages. In fact, c-Src is activated in macrophages of human atherosclerotic lesions, and may contribute to plaque inflammation and instability. 37 Proinflammatory M1 polarized macrophages aberrantly accumulate in atherosclerotic lesions, 3, 4 adipose tissue, [5] [6] [7] [8] and liver, 9 and during obesity. We have shown that polarization to a M1 phenotype increases the susceptibility of macrophages to stearic acid-induced inflammation and ER stress when compared with anti-inflammatory M2 macrophages. Our data demonstrate that FFA-induced inflammation is responsible for the initiation of macrophage ER stress ( Figure 3 ). Therefore, the increased susceptibility of M1 macrophages to stearic acid-induced ER stress is likely due to increased inflammatory signaling in the presence of LPS. Although M1 polarization augmented inflammation and ER stress activation during stearic acid accumulation, there was no significant difference in the expression of apoptotic markers between M1 and M2 macrophages. Recent studies have demonstrated that engagement of TLRs reduces apoptotic cell death in response to ER stress by promoting the upregulation of the guanine nucleotide exchange factor, eukaryotic initiation factor 2B. 38, 39 It is possible that this process also occurs when macrophages are polarized to an M1 phenotype. Thus, M1 macrophages would be protected from accelerated apoptosis even in the presence of elevated ER stress signaling during FFA accumulation. These findings could suggest that M1 macrophages are particularly pathogenic because they resist apoptotic cell death and continue to secrete inflammatory cytokines into their local environment.
ER stress activation and inflammation are observed in atherosclerotic lesions, adipose tissue, and liver of obese/ hyperlipidemic mice and humans. [25] [26] [27] M1 macrophages are recruited to these tissues during obesity, and contribute to the development of cardiovascular disease and type 2 diabetes mellitus. [3] [4] [5] [6] [7] [8] [9] Our data suggest that FFA accumulation in macrophages residing in atherosclerotic plaques and metabolic tissues may play an essential role in the pathogenesis of obesity-related disorders. 
